Protein, fat, carbohydrate and energy metabolism were studied in 8 lactating sows with their litters. Intake of nutrients and energy and excretion in faeces, urine and milk were studied in digestibility and nitrogen (N) and carbon (C) balances, while indirect calorimetry was used to quantify heat (HE) and methane (CH 4 ) production. As the piglets have to join the sow during measurements total HE (sow + piglets) was measured. In order to separate total HE into sow HE and piglet HE different methods were used. The sow milk production was measured by deuterated water (D 2 O) dilution. By using doubly labelled water (D 2 18 O) in three piglets per litter, the CO 2 production of the piglets was measured simultaneously with milk production with high accuracy. The sow HE was measured from heart rate by implantation of a telemetric transmitter. In addition total HE could be separated into sow HE and piglet HE by dividing the gas exchange according to metabolic liveweight (LW, kg 0.75 ) of sow and piglets and by using factorial methods for sow and piglets. The physical activity of the sow was recorded by means of a photocell. Advantages and disadvantages by using the different methods are discussed.
INTRODUCTION
Nutrition of the lactating sow is very complex and demanding under modern genetic, feeding, housing and management systems. The litter size has increased considerably over the last decades, and the size of the sows has increased as well (Moustsen et al., 2004) . The voluntary feed intake does not always meet the requirements of the sow for energy and nutrients, resulting in mobilization of body tissues (Neil et al., 1996) , which may affect future reproduction negatively (King et al., 1984) . The selection for lean pigs has further charged the ability of sows to mobilize body fat during lactation and reduced the voluntary feed intake (Cole, 1990) . The EU-legislation demands more welfare-oriented production systems and less pollution of the environment with nutrients and gases. The demands of a modern production system is to satisfy not only nutritional requirements, but also the health and welfare of the sow and her piglets, to minimize the pollution of the environment and to optimize the economy of the production. Most studies have been concerned with observations of the production rate of sows and piglets, registering input and output, observing abnormalities such as diarrhoea and unthriftiness, the condition of the sow etc. However, studies concerning the metabolism of nutrients and energy of the sow are scarce, the sow being looked upon virtually as a black box. There are obvious methodological, economical and practical difficulties in measuring nutrient and energy metabolism in the lactating sow, partly due to her size compared to that of growing pigs, partly due to the suckling activity of the piglets which cannot be separated from their mother without imposing stress on both mother and offspring. However, in order to be able to optimize the performance of the lactating sow and her piglets and to prevent metabolic disorders, a better understanding of lactogenesis and the regulation of nutrient supply of the mammary glands and the body tissues under different feeding and housing concepts is fundamental.
The aim of the present paper is to evaluate the methods used in the studies performed in our laboratory to quantify nutrient and energy metabolism in lactating sows by using nitrogen (N) and carbon (C) balance experiments, indirect calorimetry (RQ -and CN -method), doubly labelled water (DLW, D 2 18 O) for measurement of milk production (D 2 O) and CO 2 production (D 2 18 O) of the piglets, and telemetry for measurement of heart rate of the sow to estimate her heat production (HE). The physical activity of the sow was recorded by means of a photocell installed in the metabolism cage during measurement of gas exchange in the respiration chambers.
MATERIAL AND METHODS
Eight LY-sows (Danish Landrace x Yorkshire) of second parity were included in the measurements. Early in the pregnancy period a telemetric transmitter (TA1OCTA -D70, Data Science International, St. Paul, USA) for measuring heart rate and body temperature was implanted subcutaneously under general anaesthesia, ventrally close to the sternum. Heart rate (HR) was used for prediction of the heat production (HE) of the lactating sow. Prior to the study in the lactation period the sows had been subjected to four balance and respirationtrials in the pregnancy period. They were fed two different protein levels (18.3 and 13.5% crude protein). The results from these trials are published by Theil et al. (2002a) . In the lactation period four sows received a low fat diet with 3.1% crude fat (HCl-fat) and the other four sows a high fat diet with 11.3% crude fat. The basal diet consisted of barley, wheat, soyabean meal, minerals and vitamins, and animal fat was added to the high fat diet. Chromic oxide (2 g kg -1
) was added as a marker to the diets. Sows were fed twice daily (07.30 and 15.00 h) and they had free access to water. The feeding level was gradually increased within the first 10 days of lactation, until the daily supply of 24.60 MJ ME plus additionally 6.15 MJ ME for each piglet in the litter was reached. The suckling piglets had no access to creep feed or water. Feed residues were analysed for dry matter. Details about animals, diets and analyses of feed, faeces, urine and milk are described by Theil et al. (2004b) . For the present purpose the results from the eight lactating sows have been pooled.
Sows with their litters were kept in individual pens (200 × 300 cm) until weaning at 28 d post partum except during balance periods where they were kept in metabolism cages. The total heat production (HE) of sow + litter was measured in three balance periods each of three days, approx. on d 10, 17 and 24 of lactation for 2 × 24 h, while sow and piglets were placed in metabolism cages of stainless steel (size 2.4 × 1.1 × 0.8 m). An adjacent metabolism cage offered a place for piglets to rest and to urinate/defaecate, which allowed separate collection. Sulphuric acid (50 ml, 30%) was added to the container for urine collection to prevent evaporative loss of ammonia. The sows were not fitted with urinary catheters to avoid the risk of infection. Two respiration chambers built according to the open-air circulation principle as described by Jørgensen et al. (1996) were used for measurement of O 2 consumption (paramagnetic principle, Magnos 4 G, Hartmann and Braun, Frankfurt, Germany) and CO 2 and CH 4 production (infrared principle, Uras 3, Hartmann and Braun, Frankfurt, Germany). A 12 h (06:00-18.00 h) light-dark cycle was operated. Temperature and relative humidity were kept constant in the respiration chambers and in the pens at 20.7±0.9 o C and 67±5%, respectively. Nitrogen and carbon balances were derived from the data obtained.
Milk production was measured by means of dilution of deuterium oxide in three piglets per litter enriched with doubly labelled water (D 2 18 O) as described in details by Theil et al. (2002b) . In week 2 an i.p. injection of a single dose of 0.5 g DLW per kg LW enriched the piglets. The DLW was a mixture of two thirds of 97% H 2 18 O (Isotech, Netherlands) and one third of 99.9% D 2 O (Bie and Berntsen, Rødovre, Denmark). An initial blood sample was drawn from vena jugularis from each piglet for determination of the background level of D 2 O and H 2 18 O. Consecutive blood samples were drawn from the enriched piglets on days 3, 7 and 10 after enrichment. The serum content of D 2 O and 18 O was measured by isotope ratio mass spectrometry as described by Theil et al. (2003) . Milk samples were taken from the sow at the end of each balance period in order to measure the chemical composition of the milk. Sows were hand-milked after i.v. injection of 10 IU (1 ml) of oxytocin (Løvens Kemiske Fabrik, Ballerup, Denmark) in an ear vein. Milk from different glands was pooled within sow, filtered through cheese cloth and stored at -18 o C until analysed. The physical activity of the sows in the respiration chambers was confined to either standing or lying in the metabolism cage. The standing activity was recorded continuously by means of a photocell (OA 722 NPN/PNP, T.J.C. Teknik aps, Virum, Denmark) throughout the respiration trials except for two sows.
Dietary carbohydrates (CHO) were calculated as the difference between dry matter (DM) and the sum of protein (N × 6.25), Stoldt fat (HCl-fat) and ash :
Digestibility of energy and nutrients was calculated based on the chromic oxide technique.
Nitrogen metabolism: The nitrogen (N) balance which is equal to retained N (RN) expressed in g d -1 was measured as:
The protein balance (RP) was obtained by multiplying N in feed, faeces and urine by the factor 6.25 and N in milk by 6.38. Faeces and urine were collected separately under the sow metabolism cage and were assumed to originate solely from the sow.
Energy metabolism was measured both in sows and piglets during the balance and respiration trials. HE was measured for the sow alone when using heart rate (HR) measurements, and for the piglets alone when using DLW-technique.
The contribution of the sow or the piglets to total HE was determined by the following six different methods: 1. RQ-method: The O 2 consumption and CO 2 production was separated into sow and piglet contributions according to their respective metabolic liveweights (kg 0.75 ), and HE was calculated according to Brouwer (1965) 
where UN is N in urine. Retained energy (RE) describing the energy balance was derived as the difference between metabolizable energy (ME), and the sum of HE(RQ) and energy in milk (LE), where ME is gross energy (GE) in feed minus loss of energy in faeces (FE), urine (UE) and, methane (CH 4 E), thus:
Total HE was separated into sow and piglet contribution by dividing all measurements of gas exchange according to the metabolic liveweight of the sow and the piglets, whereby the RQ of sow and piglets was assumed to be equal. This approach is described for mink to separate total HE of lactating mink dams and suckling kits measured by indirect calorimetry (Fink, 2004) . Raising the liveweight of individual piglets to the power of 0.75 and taking the sum gave the metabolic liveweight of the litter.
Retained energy in fat (RF), which is of interest to follow during lactation can be derived as the difference between RE(RQ) and RP, thus:
CN-method:
This method is based on measurements of the carbon and nitrogen balances. The carbon balance which is equal to the carbon retention was measured as the difference in C intake and C in excretions in g d -1 as:
Retained energy, RE(CN), was determined, and the heat production HE(CN) was calculated as the difference between ME and RE(CN). C in CO 2 was separated into sow and piglet contribution according to their metabolic liveweights. The retained energy was the sum of retained energy in protein and fat. Energy retained in protein (RP) was calculated based on the N balance (g d -1 ), while energy retained in fat (RF) was calculated by means of the carbon balance, corrected for retained carbon in protein as described by Christensen et al. (1988) .
3. Heart rate (HR) method: Sow HE was predicted by means of mean daily HR, DM intake and LW as:
The relation between HE and HR (γ) was calibrated individually during pregnancy (Theil and Jørgensen, 2002) and was on average 82 kJ beat -1 min -1 .
DLW-method:
By means of the doubly labelled water (DLW) technique the CO 2 production of piglets was measured concomitantly with the milk intake by dilution of deuterated water. The rate of CO 2 production (rCO 2 ) was calculated by the single pool model proposed by Lifson and McClintock (1966) 
where Q was total body water, and k o and k D were the fractional turnover rates of
18
O and D 2 O, respectively. Litter CO 2 production was measured in three piglets per litter and based on these measurements, CO 2 production was calculated for the remaining littermates by means of their LW (Theil et al., 2003) . The piglet HE was calculated according to Brouwer (1965) by assuming that piglet RQ was equal to 0.84 (Noblet and Etienne, 1987b) . Finally, the sow HE was found as the difference between total HE and litter HE. In week 4 of lactation, the DLW enrichment was too low, because the piglets were only enriched once (in week 2). Consequently, the CO 2 production in week 4 of lactation was predicted for all piglets based on their LW by the following equation: 
For comparison, sow and piglet HE was calculated factorially. The piglet HE measured by means of DLW or calculated factorially was used to subtract from the total HE (sow + litter), to estimate the sow HE.
Piglet factorial method (pig FM):
According to Verstegen et al. (1985) (16) where 0.72 was the overall efficiency of utilization of ME for milk production and LE was the energy output in milk. Milk production was measured by means of the DLW-technique concomitantly allowing measurement of the CO 2 production as described above. Three piglets were enriched with D 2 18 O in week 2. The milk intake was calculated as the sum of the water turnover and the potential metabolic water stored (PMWS), divided by the potential water fraction of the milk. For a detailed description of calculations of milk intake, see Theil et al. (2002b) .
Milk intake in piglet (g d -1 )= water turnover + PMWS potential water fracation of milk 17
Sow milk production was calculated by summing the milk intake of individual piglets, the estimation of the milk intake from the remaining littermates being based on their daily rate of LW gain. However, in week 4 of lactation, D 2 O enrichment was too low and consequently the milk intake in that week was found by the equation (Theil et al., 2002b) : Standing activity: Energy cost of standing activity was calculated according to Noblet et al. (1993) as follows:
Oxidation of nutrients: Based on the gas exchange and N in urine (UN), oxidation of protein (OXP), carbohydrate (OXCHO) and fat (OXF) and the nonprotein respiratory quotient (RQ np ) was calculated according to Chwalibog et al. (1992) 
The Danish Experimental Inspectorate, Ministry of Justice, Copenhagen (Denmark), approved these experiments.
Statistical analyses: Observations of protein-, fat-, carbohydrate-, and energy metabolism and nutrient oxidation were analysed using a normal mixed model (Littell et al., 1996) . The observations were dependent in all these analyses because repeated measurements were collected over time during the lactation period. A random component was incorporated into the statistical analyses to account for this correlation structure. The milk production was estimated based on the milk intake of three piglets per litter. Therefore, milk production was analysed by including two random components to account for repeated measurements within the same sow (different piglets) and repeated measurements within the same piglet (different weeks of lactation), respectively. Values are reported as LS means ± standard error (SE).
RESULTS
The sows weighed on average 216±6 kg (SE) after farrowing and lost on average 17.7 ± 1.2 kg during lactation. Mean ± SE of number of liveborn piglets per litter was 11.3 ± 1.6 and 0.5 ± 0.4 were stillborn. The sows weaned 9.3 ± 0.9 piglets per litter. Piglet LW at birth was 1.27 ± 0.16 kg and at weaning on d 28 7.51±0.73 kg, the average rate of gain being 223±23 g d -1 . Three sows developed mastitis and were treated. DM intake of sows, liveweight and metabolic liveweight of sows and litters together with the milk production on d 10, 17 and 24 of lactation are shown in Table 1 . In order to avoid feed residues the sows were fed restrictedly, although as close to ad libitum as possible. The feed intake was raised daily until d 10 according to litter size and few feed residues occurred in week 1 and 3.
Milk production was measured by enriching 3 piglets per litter with DLW. Fitting the relation between milk intake and piglet rate of gain for the three median piglets in week 2 and 3 according to Theil et al. (2002b) gave the following equation: Milk intake, week 2 (g d -1 ) = 337 + 2.963 × piglet gain. Milk intake, week 3 (g d -1 ) = 390 + 2.963 × piglet gain. These equations were used to predict the milk intake of non-enriched littermates. Summation of the observed (3 piglets per litter) and predicted milk intake (n-3 piglets per litter) estimated the milk production of the sows.
In week 4 of lactation, the D 2 O enrichment was too low and the milk intake by individual littermates was predicted by equation (18), and the estimates were used to predict the milk production of the sow.
The chemical composition of the milk was not affected by the stage of lactation (P>0.05). On average, the milk contained 17.7% DM and on DM basis, %: crude fat 37.5, crude protein 28.1, lactose 29.9 and crude ash 4.6. The gross energy concentration of the milk was 25.54 MJ kg DM -1 . Digestibility of nutrients was determined using chromic oxide as a marker. The stage of lactation did not influence the digestibility of nutrients and energy (P>0.05). The digestibility coefficient for protein was 82.7±0.5%, carbohydrates 89.5±0.5%, fat 62.3±3.5%, DM 84.1±0.7% and energy 83.7±0.7%. Nitrogen intake and N excreted in faeces and urine increased during the lactation period, while N excreted in milk increased considerably (P<0.01) from 60.2 g N d -1 in week 2 (Table 2) . Relative to intake, the amount of N excreted in faeces and urine was constant, while the utilization of N for milk production increased with progress of lactation. In week 2 of lactation, where the milk production was lowest, the retained N (RN) in the sow was 15 g d -1
, while RN was reduced to 3.7 g d -1 in week 4 ( Table 2 ). The mobilization of body fat was 142 g d -1 on average for the lactation period with minor changes as shown in Table 2 .
Heat production of lactating sows and their litters assessed by different approaches are shown in Table 3 . Total HE of sow and litter measured by indirect calorimetry and calculated according to equation (3) increased with progress of lactation (P<0.001). The percentage deviation of the different methods was calculated relative to the RQ-method separated according to metabolic liveweight of sows and piglets. For all methods HE of sows was found to be fairly constant during the lactation period with deviations from the RQ-method from + 8 to -8%. HE of suckling piglets increased during the lactation period with differences between methods from + 14 to -15% of that of the RQ-method. , which is only about 4% of ME and about 8% of HE. Substrate oxidation was similar during the lactation stage (P>0.05) with a nonprotein respiratory quotient (RQ np ) for sows of 1.04 (range 0.99-1.10) distributed on average with 13.0% on protein (range 11.5-14.6), 82.2% on carbohydrates (range 79.1-85.4%) and 4.8% on fat (range 0.0-8.8%) with slightly higher values for the sows receiving fat in the diet.
DISCUSSION
The present studies using indirect calorimetry, stable isotopes and telemetry allowed us to get an insight into energy and nutrient metabolism of protein, fat and carbohydrates as a group of substrates for deposition and oxidation. The present experiments did not study the metabolism of individual nutrients such as glucose, specific amino acids or specific fatty acids although the use of 13 C and 15 N would allow such studies. There are, however, advantages and disadvantages with the present studies. They require expensive equipment: metabolism cages of stainless steel for sows and piglets, respiration chambers with gas-analysers for O 2 , CO 2 and CH 4 , equipment for measurement of D 2 O and 18 O, surgery facilities for big animals, computer techniques and skilled personel to handle animals and techniques. All these facilities are rarely present at one location which may be the reason for the scarce number of such investigations. Other reasons may be the high costs, the intensity of studies during a relatively short lactation period, and the time which is often limited to two-four years for Ph.D. or post doc studies. The advantages by the present methods are that they are non-invasive or require a minimum of incisions, blood sampling and handling of the animals, whereby stress is limited, and repeated measurements can be carried out. The present methods keep the animals under confined space with limited opportunities for physical activity (standing and lying). The use of heart rate as an indicator of heat production or even physical activity may be one method which could be developed into wireless transmitters and thereby be used for freely moving animals as has been described for measurements on free living deer (Theil et al., 2004a) . The DLW method is being used in humans to study energy metabolism in health and disease while they are living under normal conditions (e.g., Westerterp et al., 1991; Wierik et al., 1995) . However, the costs of 18 O are very high. The approximate costs were 200 US $ for enriching one piglet once. Due to the relative limited moving conditions of the sow, which as a matter of fact correspond to the present situation on the farms, it is necessary to select sows with strong legs. Leg weakness and mastitis are complications in such intensive studies. Prophylactic treatment against mastitis before farrowing is advisable. Furthermore, the sows should be adapted to stand in the metabolism cage before farrowing.
Protein (nitrogen) metabolism was obtained by the balance technique described in equation 2 and results are shown in Table 2 . These measurements do not require respiration chambers, but collection of faeces and urine must be carried of without evaporative loss of ammonia. This may be obtained by acidifying the urine to a pH below 4 and by using catheters inserted in the urinary bladder to allow the urine to run directly into the beakers with acid (Fernandez et al., 1986) . In the present studies we did not use urinary catheters to avoid the risk of infection and the risk that they would be damaged by the piglets. Therefore, some loss of nitrogen may have occurred which will result in an overestimation of the nitrogen retention. The RN was positive throughout lactation but decreased from 15 g RN d -1 in week 2 to 3-4 g RN d -1 in week 4, coinciding with a significantly higher milk production and probably a decreased allocation of energy and protein to mammary gland growth (Kim et al., 1999) . Consequently, the utilization of N for milk production increased with progress of lactation. In total, 49% of the N intake was excreted in the milk, which was identical to the results of Noblet and Etienne (1987a) at a similar feeding level.
We consider in future studies to measure the urine production quantitatively by means of osmotic pumps either with 3 H-labelled para-aminohippuric acid (PAH) or 14 C-inulin by Wamberg et al. (1996) .
Fat metabolism was deduced from equation (6). As seen in Table 4 the sows mobilized fat during the whole lactation period. Apparently, the intake of energy was not sufficient to cover the energy requirement for milk production which is a problem in modern production as pointed out by Neil et al. (1996) and Cole (1990) . The present studies suggest that the energy supply rather than the protein supply is the limiting factor for milk production.
The milk production was estimated by the D 2 O dilution technique. Three reasons caused selection of this method in favour of the weigh -suckle -weigh (WSW) method. The WSW method may underestimate the milk production owing to 1. urination, defaecation, loss of saliva and metabolic water between the two weighings, 2. WSW may depress the milk production due to interruption of the interrelationship between the lactating sow and the suckling piglets (Klaver et al., 1981; Pettigrew et al., 1985) and 3. as HE of piglets was measured by the DLW method, the milk intake could be determined without extra labour. A previous study (Theil et al., 2002b) showed that repeated determination of milk intake in three median piglets per litter was sufficient to predict the milk produced by the sow accurately (R 2 =0.99). Using, the D 2 O method on all piglets in the litter gave a milk production of the sow of 9.91±0.69 kg d -1 , and on three median piglets a similar production of 9.87±0.74 kg d -1 (P>0.05), whereas the WSW method without corrections for loss of urine, faeces and saliva gave a significantly (P<0.05) lower milk production of 8.65±0.81 kg d -1 (Theil et al., 2002b) . The approach where three median piglets were enriched in order to predict the whole litter performance was developed in order to reduce the costs when piglets were enriched with doubly labelled water. The use of D 2 O assumes that the piglets do only receive sow milk. Therefore, the piglets must be kept away from the sow's trough and urine. Recycling of isotopes due to e.g., licking has not been a problem in our studies, which was checked by having a non-enriched piglet as a control in each litter.
For ethical reasons, the comparative slaughter technique is not frequently used when studying energy metabolism in lactating animals. When using indirect calorimetry either the RQ-or the CN-method respiration chambers must be available. In order to sustain milk production the piglets must join the sow, whereby they contribute to the gas exchange measurements. We have used different approaches to separate HE of sow and piglets as shown in Table 3 .
The total HE of sow + litter increased considerably from week to week, but the sow HE remained rather constant irrespectively of the five methods (Heart rate, DLW, RQ, CN and FA pig), which yielded similar results. In contrast, HE estimated factorially for the sow increased with progress of lactation. The simplest and cheapest way to estimate the contribution of the sow and the piglets is to divide the gas exchange according to metabolic LW (RQ-method). The HRmethod, DLW and FA pig agreed well with the RQ-method. In contrast, the CN-method estimated sow HE 7.6% lower than the RQ-method, probably because the N-balance was overestimated. Differences between the RQ-and CN-methods are normally small, but may be influenced by fat metabolism and other factors as found in growing pigs (Christensen et al., 1988) , while no studies comparing the two methods in lactating sows seem to have been performed. Conversely, the sow factorial method overestimated the sow HE, especially in late lactation. FA sow underestimated HE of litter by 15%. Measurements of piglet HE by the DLW method and sow HE by using HR were independent, and ideally the sum of these components should amount to total HE of sow + litter measured by indirect calorimetry.
The present studies indicate that the DLW and the HR methods were reliable as the sum of sow HE found by HR and litter HE found by DLW on average yielded 99.3% of total HE measured according to the RQ-method. In conclusion the DLW-method gave reliable results both concerning estimation of litter HE and sow milk yield. The HR-method gave similar results of HE, which is promising as to measurements of sow HE under loose-housed or free-ranging conditions, but also the simplest method, separation of gas exchange according to kg 0.75 gave reasonable data.
In the lactation period 57% of ME was excreted in milk and 50% of ME was lost as heat (Table 4) , yielding a slightly negative energy balance of 6.4% of ME. The standing activity only amounted 3.9% of ME and 8% of HE, and was rather constant during the lactation period. Physical activity is part of HE. In growing pigs kept in metabolic cages with reduced possibility for physical activity, standing is the main activity and accounted for 8% of maintenance requirement at high feeding level (Susenbeth and Menke, 1991) . The present standing activity of 54 kJ kg -0,75 d -1 would account for 11.2% of ME m . The higher level in the sow may be due to the bigger mass to be moved. Heat production and quantitative oxidation of nutrients by physical activity in pigs has been discussed by Jakobsen et al. (1994) . The constant HE with increasing progress of lactation appeared striking, as the feed intake and the milk production concomitantly increased, and changes of physical activity or heat production per kg DM of feed could not account for this. The discrepancy could then be due to a lower ME for maintenance (ME m ), or to a higher efficiency of ME for milk production (k l ). As the mammary glands grow throughout lactation (Kim et al., 1999) , a declining ME m is contradictory. By assuming a constant ME m (estimated as 482 kJ LW, kg -0.75 d -1 ) k l was found to be 0.77±0.01, 0.78±0.01 and 0.81±0.01 for weeks 2, 3 and 4, respectively of the lactation period. Consequently, a decreased RE in the udder may have elevated k l whereby HE was kept constant. The decreased RN with progress of lactation support this hypothesis.
The present studies also allow an explanation of the substrates oxidized to yield total HE. The main contribution was from carbohydrates (82%), 13% from protein and about 5% from fat. The overall pattern of substrate oxidation was similar to that of growing pigs (Chwalibog et al., 1992) .
For future studies it may be advantageous to use the bicarbonate method to measure the CO 2 production of the piglets to estimate their heat production. Bicarbonate (HCO 3 -) is enriched with 13 C and injected (or ingested), and 13 C is analysed in CO 2 of expired air (Elia, 1991) . The bicarbonate method is much cheaper than the DLW method, which allows a high excess enrichment.
CONCLUSIONS AND PERSPECTIVES
Studies on lactating sows are difficult because the piglets must stay with the sow to sustain milk production. An insight in metabolism of nutrients and energy in the lactating sow and her piglets can be obtained by combining indirect calorimetry, balance experiments, stable isotope techniques and telemetry. By using indirect calorimetry in respiration chambers combined with N-and C-balances, a balance of input and output of protein, carbohydrates , fat and energy may be established. Milk production measured by deuterated water turnover of three median piglets gives a better estimate than the weigh-suckle-weigh method and may be combined with 18 O in the DLW-method or 13 C in the bicarbonate method, whereby the CO 2 production from the piglets and hence the litter can be measured and HE derived. Measuring heart rate of the sow by telemetry is another promising approach which may in future be adapted for measurements on free-ranging sows kept indoor or outdoor. The developing -omics techniques (proteomics, metabonomics, nutrigenomics) may provide us with greater insight in metabolic pathways and their regulations, but quantitative studies have to be strengthened in order to fully understand metabolic disorders and how to prevent them. A combination of the methods might be a strong tool to obtain this objective.
